Polyperinaphthalene (PPN) thin films are prepared by excimer laser ablation (ELA) of a 3, 4, 9, 10-perylenetetracarboxylic dianhydride (PTCDA) target or a mixture target of PTCDA with Co or Ti02 powder (PTCDA/X: X=Co,Ti02) using XeCI excimer laser beams. Enhancement of elimination reaction of side groups of PTCDA is observed by ELA of PTCDA/Co and PTCDA/Ti02. In particular, for PTCDA/Ti02, the reaction occurs at a fluence of 0.25 Jcm 2pulse 1 much lower than the case of PTCDA/Co at room temperature. Heterojunctions of PPN films prepared by ELA of PTCDA with Si wafers are fabricated. Well rectifier property is obtained for the junction of the PPN with a n-Si substrate. Current versus voltage curves of the heterojunction in the dark and under illumination show that the junction is promisimg as a photovoltaic cell. Furthermore, PPN films are applied to anode electrodes for ultra thin rechargeable Li ion batteries. Substrate temperature dependence of effective capacitance of lithium ions at first cycle are investigated. In addition, in-situ Raman spectroscopy of the films under lithium ion doping and undoping is performed to elucidate the storage mechanism of lithium ion at cis-polyacetylene-type edge (phenanthrene-edge) of PPN structure.
Introduction
Polyperinaphthalene (PPN) is a member of the group of polymers consisting of condensed aromatic rings, called the one dimensional graphite family. This material is promising because of their intrinsic high conductivity and stability against oxidation. According to the theoretical studies, the electronic structure of PPN or its related compounds suggests that this material will be intrinsically conductive or semiconductive due to its small band gap and dopant-philic nature and that it is expected to form novel organic electronic devices making good use of such a characteristic band structure. [1, 2] In addition, as Wang et al. pointed out, PPN is promising as an anode electrode of the lithium ion rechargeable battery because this material is surrounded by the cis-polyacetylenetype edge called phenanthrene-edge. [3] However, fragile properties of PPN prepared with vapor polymerization method developed by Murakami et al., [4] prevent us from applying to such devices. In recent years, particularly, preparation of PPN films by laser ablation has been attracted a great deal of attention. [5] [6] [7] In our previous paper [6, 7] , we found that excimer laser ablation (ELA) of 3, 4, 9, 10-perylenetetracarboxylic dianhydride (PTCDA) targets enabled us to prepare films consisting of Furthermore, it is demonstrated that mixture targets of PTCDA with metal powders such as Co (PTCDA/Co) led to increase the yield of "naked" perylene skeletons without side groups of PTCDA by improving the efficiency of elimination of the groups by catalytic effect of Co, resulting in more effective preparation of PPN films. [8] In this paper, optimized ablation conditions have been determined for preparation of better defined PPN films by ELA of PTCDA and/or mixture targets of PTCDA with Ti02 as well as Co powders expecting further catalytic effect. Furthermore, from the practical aspects of the PPN films prepared by ELA, pn junctions of PPN films with Si wafers have been fabricated for the purpose of applying to organic photovoltaic cell with PPN films. Furthermore PPN films have been applied to anode electrodes for ultra thin rechargeable Li ion batteries. Substrate temperature dependence of effective capacitance of lithium ions at first cycle have been investigated. In addition, in-situ Raman spectroscopy of the films under lithium ion doping and undoping has been performed to elucidate the storage mechanism of lithium ion at cispolyacetylene-type edge (phenanthrene-edge) of PPN structure. Heterojunctions were fabricated by depositing PPN films by ELA with a XeCI beam at 0.25 Jcm 2pulse"' on n -and p-type Si substrates at 300°C .
After confirming that ohmic contacts to PPN films could be made both with indium and gold, contacts were made by vacuum evaporation of each metal. Schematic representation of the heterojunction of the PPN film prepared by ELA with a Si substrate is shown in Fig. 2 . 2.3. Assembly of lithium ion rechargeable batteries with PPN films as anode electrodes for chargedischarge test and in-situ Raman spectroscopy. PPN films were deposited by ELA of PTCDA on Cu or glass substrates at TS of 200, 300 and 400°C. (5 .tm in thickness and 1 cm x 1 cm in area) A special cell with the PPN film as the anode was fabricated for charge-discharge test and in-situ Raman spectroscopy as shown in Fig. 3 . Electrochemical doping of the anode with lithium ions was performed. Lithium metal foils were used as counter and reference electrodes. IM LiCF3SOq or LiCIO4 in propylene carbonate (PC) was applied for electrolyte. Each electrode was separated with a glass filter.
Electrochemical properties of the anodes were investigated by charge-discharge cycling tests. The electrochemical measurements were carried out al 25°C. In-situ Raman spectroscopy was performed for doping and undoping of the PPN films with lithium ions at several doping levels in the initial charge and discharge cycle. For in-situ Raman spectroscopy, a dispersive Raman spectrometer T64000 (Jobin Yvon) was used. A beam at 488nm was applied for the excitation. For the films preparec under optimized conditions, structure anc electric/electronic properties were investigated. FT-IR spectroscopy was performed for thf films prepared by ELA at 0.5 Jcm2pulse'
on KBi substrates at TS of 20, 100, 200, 300 and 400°C Peaks at 1750, 1780, 1300 and 1020 cm' related tc the side groups and a peak at 1600 crn' related tc condensed aromatic ring of perylene skeleton in thf PTCDA monomer were observed in the spectra foi the films prepared by ELA at 7 below 200°C meaning that the films kept the original structure o: the PTCDA monomer. For the films prepared at T of 300 and 400°C, in contrast, extraordinary decrease of peak intensities at 1750 and 1780 cm was observed, indicating the elimination of the side groups of PTCDA monomers. In FT-IR spectra foi the films prepared by ELA at various fluence; between 0.2 and 2.8 Jcm 2pulse' on substrates a 300°C, peaks related to the side groups of PTCDI vanished regardless of the fluence applied.
According to Raman spectroscopy for the films prepared on substrates at 300°C by ELA at various fluences, structure of the films depended strongly on fluence. While the peak at 1296 cm' due to inplane C-H bending remained in each film prepared at less than 0.5 Jcm2pulse', it disappeared and the spectrum turned into that of common amorphous carbon with a peak at 160ocm' and broad band around 1400 cm 1 for each film prepared at more than 1.0 Jcm2pulse'. This means decomposition of perylene skeleton in the PTCDA.
Although every film by ELA at TS below 200°C possessed the electric conductivity around 105 Scm' at room temperature, drastic increase in electric conductivity at T~ around 200°C could be observed. These suggest that it-conjugated system develops for the film at 7 above 200°C owing to polymerization of active perylene radicals without side groups, resulting in increase of the conductivity. The conductivity came up to 10' Scm' for the film prepared at 7 of 300°C.
These results convince us of partial formation of PPN structure in the film prepared by ELA at not more than 0.5 Jcm pulse' on substrates at Ts of 300 and 400°C. Actually, the Raman spectra for these films were nearly similar to that for PPN prepared with vapor polymerization method by Murakami et al. [4] Figure 4 shows a SEM image of section of PPN film prepared by ELA at 0.5 Jcm2pulse' on the substrate at T, of 300°C. It was observed that the film consists of fine particles of less than 100nm in diameter. 
Enhancement of elimination reaction of side groups of PTCDA by ELA of mixture targets of PTCDAJCo and PTCDAITiO2
In order to improve the elimination reaction of side groups of PTCDA. ELA of mixture targets of PTCDA with Co and Ti02 powders was carried out.
In the FT-IR spectra of the films prepared orr a substrate at TS of 20°C by ELA of PTCDA/Co ai 0.5 and 1.0 Jcm 2pulse' , although peaks at 175€ and 1780 cm' related to the side groups of PTCDA monomers were detected for the film prepared at 0.5 Jcm 2pulse', they were not found for the film prepared at 1.0 Jcm 2pulse' . This suggests that fragments without carboxylic dianhydride groups are effectively produced by ELA at more than 1.0 Jcm2pulse'. In the Raman spectra of the films prepared on substrates at T, of 20°C by ELA at 0.5 and 1.0 Jcnz 2pulse', a sharp peak at 1296 cni' assigned to in-plane bending of C-H was obviously detected. It is interesting to note that only two peaks at 1600 and 1400 cm' well observed in amorphous carbon can be seen for the film prepared by ELA of PTCDA at I .0 Jcm 2pulse'. As mentioned above, PPN is formed only when PTCDA is ablated at less than 0.5 Jcm 2pulse'. Large amount of absorption by Co particles obstructs direct absorption of the photons at 308nm by PTCDA, resulting in protection of perylene structure from elimination of hydrogen atoms. ELA of a PTCDA/Ti02 target at 308nm enabled us to enhance the elimination reaction of side groups at lower fluence. Figure 5 shows the FT-IR spectra of the films prepared by ELA at various fluence between 0.1 and I .0 Jcm 2puise' . Spectra for the films prepared at not less than 0.25 Jcm 2pulse' indicate disappearance of the peaks related to the side group of PTCDA. Raman spectroscopy shows that perylene skeleton is preserved for films prepared at less than 0.5 Jcm 2pulse' as shown in Fig. 6. 
Fabrication of heterojunctions of PPN films with Si substrates and their application to photovoltaic cell
Heterojunctions were fabricated by depositing PPN films by ELA on n and p-type Si substrates. Figure 7 and 8 show the dark current-voltage characteristics of a p-Si/PPN and a n-Si/PPN heterojunctions, respectively. The current-voltage curve is symmetrical and do not work as an rectifier for the p-Si/PPN junction. On the other hand, remarkable rectifier characteristics can be observed for the n-SiIPPN hetero junction. For reverse bias voltages, the current is less than I µA. For forward bias beyond 0.5 V, the current increases exponentially. These results mean that a p-n junction is formed at the interface between the PPN layer and the n-Si substrate consistent with our previous study for thermoelectric power of PPN where the Seebeck coefficient was positive. [7] These facts enable us to conclude that the rectifier characteristics is due to much better-defined band structure stemming from characteristic arrangement of carbon atoms in PPN. For the purpose of application of the heterojunction to a photovoltaic cell, the device was illuminated with a Xe lump. Current versus voltage curves of the heterojunction of PPN with nSi substrate in the dark and under illumination are shown in Fig. 9 . An open-circuit voltage (Vac) of 0.2 V and a short-circuit current (Isc) of 140 µAcm 2 was obtained .
Application of PPN films to anode electrodes of lithium ion rechargeable batteries
In order to clarify the substrate temperature dependence of doping/undoping behavior of lithium ion at the first cycle, charge (lithium doping)-discharge (lithium undoping) profile was investigated for the films prepared at different substrate temperatures. The whole profile was not so different between them. Figure 10 shows a charge-discharge curve at the first cycle for the PPN electrode prepared by ELA at T of 300 °C as an example. Table 1 shows the efficiencies defined by charge amount/discharge amount for the electrodes prepared at 200, 300 and 400°C. The value increases gradually with substrate temperature.
In-situ Raman spectroscopy of doping and undoping with lithium ion was performed for the PPN films. Figure 11 shows the spectra for the films at various levels in doping and undoping processes. As the doping level increases, it is observed that the peaks at 1360 cm 1 characteristic to amorphous carbon and 1296 cm 1 assigned to C-H in-plane bending mode gradually decrease their intensities. The intensities of the two peaks at 1360 and 1296 cm 1 are increased again when lithium ions are undoped. These results suggest that lithium ions interact reversibly with carbon atoms at phenanthrene-edge, supporting a lithium insertion mechanism proposed by Zheng et al. [9] where lithium atoms bind on the hydrogen-terminated edged of hexagonal carbon fragments as shown in Fig. 12 . 4 . Conclusion PPN thin films were prepared by ELA of PTCDA target or a mixture target of PTCDA with Co or TiO2 powder using XeCI excimer laser beams. Enhancement of elimination reaction of side groups of PTCDA was observed by ELA of PTCDAICo and PTCDA/Ti02. In particular, for PTCDA/Ti02, the reaction occured at a fluence of 0.25 Jcm 2pulse" ' much lower than the case of PTCDA/Co at room temperature. Heterojunctions of PPN prepared by ELA of PTCDA with Si wafers were fabricated.
Well rectifier property was observed for the junction of a PPN film with a n-Si substrate. Current versus voltage curve of the heterojunction in the dark and under illumination showed the possibility of the junction as a photovoltaic cell. In addition, PPN films were applied to anode electrodes for ultra thin rechargeable Li ion batteries. Substrate temperature dependence of effective capacitance of lithium ions at first cycle were investigated. The value increased gradually with substrate temperature.
Furthermore, in-situ Raman spectroscopy of the films under lithium ion doping and undoping was performed to elucidate the storage mechanism of lithium ion at phenanthrene-edge of PPN structure. Reversible change of the spectrum in the region related C-H bending of PPN structure in lithium doping and undoping process supported a lithium adsorption mechanism proposed by Zheng et al. where lithium atoms binded on the hydrogeneterminated edged of hexagonal carbon fragments. 
